The metabolic and kinetic responses to rapidly intravenously administered sodium acetoacetate (1.0 mmol/kg body wt) was studied after an overnight fast in 12 male and female adults weighing between 88 and 215% of average body weight. Blood was obtained before, during, and after the infusion for determination of circulating concentrations of immunoreactive insulin, glucose, acetoacetate, b-hydroxybutyrate and free fatty acids. In three obese subjects the studies were repeated after 3 and 24 days of total starvation.
A B S T R A C T The metabolic and kinetic responses to rapidly intravenously administered sodium acetoacetate (1.0 mmol/kg body wt) was studied after an overnight fast in 12 male and female adults weighing between 88 and 215% of average body weight. Blood was obtained before, during, and after the infusion for determination of circulating concentrations of immunoreactive insulin, glucose, acetoacetate, 9-hydroxybutyrate and free fatty acids. In three obese subjects the studies were repeated after 3 and 24 days of total starvation.
After the overnight fast acetoacetate rose rapidly reaching a peak concentration at the end of the infusion; 9-hydroxybutyrate concentrations also increased rapidly and exceeded those of acetoacetate 10 min postinfusion. Total ketone body concentration at the end of the infusion period was comparable to that found after prolonged starvation. After the initial mixing period, acetoacetate, P-hydroxybutyrate and total ketone bodies rapidly declined in a parallel manner. There were no obvious differences between the subjects with regard to their blood concentrations of ketone bodies. The mean plasma free fatty acid concentration decreased significantly during the 20th to 90th min postinfusion period; for example the control concentration of 0.61 mmol/liter fell to 0.43 mmolAiter at 60 min. In the three obese subjects studied repeatedly, fasting plasma free fatty acids decreased with acetoacetate infusion from 0.92 to 0.46 mmol/liter after the 3 day fast and from 1.49 to 0.71 mmol/liter after the 24 day fast. Acetoacetate infusion caused no changes in blood glucose concentration after an overnight fast. However, in the three obese subjects restudied after 3-and 24-day fasts blood glucose decreased, respectively, from 3.49 to 3.22 mmol/ liter and from 4.07 to 3.49 mmol/liter. The mean serum insulin concentration in all subjects significantly increased from 21 to 46 /U/ml at the completion of the Received for publication 13 March 1973 (aid in revised form 11 June 1973. infusion and rapidly declined. In the three obese subjects restudied after 3-and 24-day fasts an approximate twofold increase of serum insulin was observed after each acetoacetate infusion.
The mean fractional utilization rate of exogenously derived ketone bodies for all 12 subjects after an overnight fast was 2.9% min'. In the three obese subjects studied after an overnight, 3 and 24 day fast the mean fractional utilization rates were 2.1%, 1.5%, and 0.6% min', respectively. Ketone body volumes of distribution in the overnight fasted subjected varied from about 18% to 31% of body wt, suggesting that ketone nodies are not homogenously distributed in the body water. In the three obese subjects restudied after 3-and 24-day fasts volumes of distribution remained approximately constant. When total ketone body concentrations in the blood were below 2.0 mmol/liter, there was a linear relationship between ketone body utilization rates and ketone body concentrations; no correlation was found when blood concentrations were higher.
INTRODUCTION
The cardinal role of insulin in regulating the release of free fatty acids (FFA) ' (6) (7) (8) (9) (10) and has not been documented in starvation-induced hyperketonemia. Furthermore, another feedback cycle not mediated by insulin has been proposed whereby ketone bodies directly inhibit the release of FFA from adipose tissue (11) (12) (13) (14) .
This study was designed to assess the influence of ketone bodies on insulin and/or FFA release in response to rapid intravenous administration of NaAcAc. The results were also used to determine the disappearance rates of AcAc and 8-OHB from the blood, to calculate the volume of ketone-body distribution, and to estimate rates of tissue uptake of ketone bodies in man during progressive starvation. Statistical analyses. The effects of rapid intravenious administration of NaAcAc on circulating concentrations of FFA, insulin, and glucose were analyzed for statistical significance by the paired t test for small sample numbers (18) . Correlation coefficients were calculated as described by Snedecor and Cochran (19) . Values are given as mean ±SEM (19) .
METHODS
Preparation of sodium acetoacetate. A modification of the method of Krebs and Eggleston was employed (20) . To a known quantity of fresh, triple-distilled reagent grade ethyl acetoacetate (Fisher Scientific Co., Pittsburgh, Pa.) a slight excess of 2 N NaOH was added. The mixture was incubated 1 h at 40'C, and then placed in ice-bath and neutralized (pH 7.0) with 1 N HCl. Hydrolysis was about 98% completed on the basis of titration and about 94% completed on the basis of enzymatic assay. p-OHB, and total ketone bodies were plotted semilogarithmically against time. AcAc concentrations rose rapidly, reaching a peak concentration at the end of the infusion period. P-OHB concentrations also increased rapidly and exceeded those of AcAc 10 min after completion of the infusion. The total ketone body concentration at the end of the infusion period was 4.74±0.39 mmol/liter, a level comparable to that found after prolonged starvation (4). After the initial mixing period AcAc, 8-OHB, and total ketone bodies declined in a parallel manner. There were no obvious differences between the lean and obese subjects with regard to their blood concentrations of ketone bodies. In all 12 subjects the mean +SEM base line IRI concentration of 21±5 kU/ml rose to 46±11 ,dU/ml (P < 0.03) at the completion of the infusion and declined rapidly thereafter. Both the basal IRI concentrations and the increases above basal concentrations were greater in obese subjects than in lean subjects. In addition there was a good correlation between the peak IRI response to infused NaAcAc and the ponderal index (r=0.88;P<0.001) (22) .
To assess the insulin response to ketone bodies and the disappearance of ketone bodies during fasting, NaAcAc administration was repeated after 3 and 24 days of starvation in three obese subjects (K. R., G. S., and L. J.). The characteristic fall in the blood glucose and serum insulin with the subsequent elevation of plasma FFA and blood ketone bodies known to occur with fasting was observed in the three obese subjects (1, 4) . at the end of the 2 h study period. The decreases in blood glucose observed in each subject after the 3 and 24 day NaAcAc infusions exceeded the methodological errors (15) . Fig. 4 shows the effects of progressive starvation on the blood ketone body responses to NaAcAc given intravenously to subjects K. R., G. S., and L. J. After NaAcAc infusion the incremental increases in the mean blood AcAc concentration were comparable, being 5.11, 5.52, and 5.43 mmol/liter after the overnight and 3-and 24-day fasting periods, respectively. Increases in blood fi-OHB concentrations were comparable after each fasting period. The curves in the left panel of Fig. 4 display rapid removal of exogenous AcAc with a small portion appearing as blood P-OHB which also rapidly disappeared. The curves in the middle panel reveal the results after a 3 day fast. They differ from the overnight findings. AcAc disappeared from the blood at a slower rate. Also a marked decrease in P-OHB disappearance occurred. The curves in the right panel show the results after the 24 day fast. At this time the slowest removal of exogenous AcAc occurred; after the maximum blood p-OHB concentration developed, it remained approximately constant through the remainder of the 2 h observation period. rived AcAc, 8-OHB and, hence, total ketone bodies, and there was a longer time required to achieve maximum increases in blood #-OHB concentrations. (4, 15) . The exogenously derived ketone bodies rapidly disappeared from the blood stream as reflected by a mean total ketone-body Kd of 3.0% min-for all subjects and a comparable mean value of 2.2% min' for the three obese subjects (K. R., G. S., and L. J.). The mean urinary ketone body excretion for all subjects was only 6.3% of the injected dose and for the three obese subjects was 5.5% of the administered.load. Thus, the calculated rate constants (Kd) for the disappearance of AcAc, P-OHB, and total ketone bodies from the blood during the overnight fast study are not significantly influenced by ketonuria and reflect reasonable estimates of tissue uptake (K.). However, when the three obese subjects were restudied after 3-and 24-day fasts the mean urinary ketone-body excretion was 24.1 and 38.8%, respectively, of the exogenous AcAc load. These values are corrected for the basal ketonuria that occurred at 3 and 24 days. Not only was more (if not most, as in the case of K. R.) of the administered AcAc load excreted in the urine as starvation progressed, but also the fractional disappearance (Ka) of AcAc, P-OHB, and total ketone bodies progressively decreased with starvation ( Fig. 4 and Table II ). Because of the large urinary loss of ketone bodies calculated disappearance rates for 3-and 24-day studies must be corrected for ketonuria if they are to reflect tissue utilization rates (Ks).
The calculated volume of distribution for ketone bodies vary from 18.5 to 30.7% body weight in the overnight fasted subjects. These volumes of distribution suggest that ketone bodies are not homogenously distributed throughout various water spaces of different tissues, since they exceed those reported for extracellular fluid volume but are less than those reported for total body fluid volume (23, 24) . Similar incremental increases in blood ketone bodies were observed after over- 2612 Owen, Reichard, Markus, Boden, Mozzoli, and Shuman £ -10 OVERNIGHT night and 3-and 24-day fasts. This is in accord with our observations that the volumes of distribution reniained constant throughout the starvation period. Although animal studies have shown concentration differences for ketone bodies between blood and various tissues (25) (26) (27) , recent investigations have shown that for the bulk of the body the ketone body gradient between intracellular and extracellular water is constant (27) . Since ketone bodies are not uniformly distributed in the body, actual volumes of distribution cannot be obtained by extrapolating the blood ketone body disappearance curves to time zero and calculating volumes of distribution. Such procedures underestimate the true fluid volumes in which ketone bodies are dispersed. Nevertheless, operational volumes of distribution for ketone bodies can be calculated from the disappearance curves, and thus reasonable ketone body pools can be estimated.
There were no significant differences among the rates of disappearance (Kd) of ketone bodies from the bloodstream of these lean and obese subjects. There was a progressive decrease in the mean Kd or Ku in the obese subjects as starvation was prolonged. However, due to the higher blood ketone-body concentrations, and thus the larger ketone-body pools, the rates of tissue utiliza- The relationship between blood ketone body concentration and utilization rate (K.) is shown in Fig. 5 .
In general there was an increase in the ketone body utilization rate as the blood concentration increased (r= 0.91, P < 0.001). The insert in Fig. 5 depicts the sharp rise in utilization as the concentration increased from 0.05 to 0.60 mmol/liter (r = 0.98, P < 0.001). However, at blood ketone-body concentrations between 2.00 and 8.13 mmol/liter there is no correlation between utilization rates and blood concentrations (r = 0.59, P<0.3).
DISCUSSION
Metabolic effects of rapidly administered NaAcAc. Ketone bodies are known to be insulinogenic in dogs (5) and rats (14) . Previous studies on the insulinogenic effect of these substrates in man have been controversial (6) (7) (8) (9) (10) . The present study shows that ketone bodies are capable of stimulating insulin secretion in man. The insulin response to infused AcAc was great enough to be manifested by a rise in peripheral serum insulin concentrations. The previously observed differences in human studies can be explained, at least in part, by the temporal of obesity in the subjects. In this study the peripheral insulin concentration reached a mean peak at the end of the 5 min NaAcAc infusion period and then rapidly declined. Furthermore, the insulin response to NaAcAc wvas potentiated by obesity. This latter finding is similar to the observation of others who have demonstrated that obesity is accompanied by beta-cell hyperresponsiveness to numerous secretogogues (28, 29) . The insulin response to infused AcAc observed after an overnight fast could also be demonstrated in the obese subjects studied after 3 and 24 days of fasting. After each infusion period there was an approximate twofold increase in the maximum peripheral insulin concentration. The fall in plasma FFA coincident with the AcAc-stimulated insulin release is consistent with the well recognized antilipolytic action of this hormone. From the data presented here it appears that ketone bodies can lower the concentration of circulating FFA by stimulating insulin release.
Evidence from the work of others suggests that ketone bodies have a direct antilipolytic action (11) (12) (13) (14) . This possibility can not be established from the data presented here.
It has been previously demonstrated that the administration of ketone bodies to man produces a decrease in blood glucose as well as plasma FFA (6-8, 10, 30) . We observed no change in blood glucose after an overnight fast. While methodological differences may account for these divergent observations. other reasons may be suggested. Previous studies have shown that ketone bodies effectively compete with FFA and glucose as body fuels for oxidative metabolism (31) (32) (33) (34) . In this study it was shown that rapid intravenous infusion of NaAcAc caused a significant rise in mean serum insulin concentration (Fig. 2) . After an overnight fast insulin apparently diminishes hepatic release of glucose (35) . Therefore AcAc may modify both peripheral oxidation of glucose and hepatic release of glucose into the circulation. The stability of blood glucose concentration after the overnight fasting study suggests that diminished hepatic glucose release was equaled by diminished peripheral glucose uptake. In the three obese subjects studied after 3-and 24-day fasts, base line blood glucose concentrations fell after NaAcAc infusion. The decline in blood glucose concentration in the obese subjects at 3 and 24 days of fasting may have been due to either diminished hepatic glucose release (35) or increased peripheral glucose uptake (36) .
Kinetics of intravenous NaAcAc infusion. Studies of ketone-body metabolism are complicated because of variations in the rates of production and utilization between AcAc and 1-OHB (4, 15, 37) . However, these substrates are readily interconverted by tissue 3-hydroxybutyrate dehydrogenase, and the P-OHB formed after AcAc infusion must be reconverted to AcAc before oxidation (3) . For simplification, the disappearance of total ketone bodies (AcAc plus 3-OHB) from blood and excretion of total ketone bodies in urine were used empirically to calculate volumes of distribution, pools, and rates of tissue uptake during different stages of starvation.
The volume of distribution of ketone bodies, calctulated by extrapolation of the disappearance phenomenon, is larger than the extracellular fluid volume and smaller than the total body fluid volume (23, 24) . The failure to correlate ketone body volumes of distribution with anatomical spaces (volumes) implies that these substrates are not homogenously distributed in the various water compartments of the body. Thus, our human studies support the experimental findings observed in tissue fragments (25) (26) (27) and in whole animals (38). However, the operational volume of distribution calculated here for ketone bodies is equal to that fluid volume in which these substrates would be dispersed if their concentrations were homogenous. Therefore, aln operational volume of distribution can be defined and a pool calculated. Thus, no apparent expansion of available space for ketone bodies occurred subseqent to starvation, although the rates of disappearance from the blood were significantly decreased. The fate of the intravenously administered AcAc was not definitely determined. However, it is obvious that the disappearance of exogenously administered AcAc from the circulation depends on its mixing in the extracellular fluids, on its cellular penetration and oxidation, on its reduction to p-OHB, and on renal excretion of AcAc and #-OHB. Since starvation is a catabolic state, it is unlikely that much of the acetyl-CoA derived from ketone body cleavage was used for net synthesis, i.e., lipogenesis (39) . It is more reasonable to assume that the ketone bodies that disappeared from the blood and escaped renal excretion were oxidized to C02 and water. The loss of ketone bodies in the urine was not an important factor in the disappearance of ketone bodies from the circulation after an overnight fast (Table II) . However, as starvation progressed, ketonuria became increasingly important as a route of exit for the exogenously derived blood ketone bodies. This was exemplified by one of our obese subjects (K. R.). After a 24 2614 day fast her renal excretion could account for about one-half of the exogenously derived ketone bodies that disappeared from the blood. Heightened ketonuria after the NaAcAc infusion was probably due to the fact that other routes of disposal were saturated. This does not imply that the body oxidized less ketone bodies as starvation progressed, but does indicate that ketonuria can be an important mechanism for man to dissipate the additional ketone-body loads.
Employing the catheterization technique coupled with regional blood flow, hepatic ketone body production rates have been estimated to be 9-45 g/24 h in man after an overnight fast with venous blood ketone body concentrations of 0.1-0.4 mmol/liter (40, 41) . After a 3 day fast hepatic production rates have been estimated to be 115-125 g/24 h with the venous blood ketone body concentration of about 3.0 mmol/liter (42) ."4 After a 3-6 wk fast when circulating concentrations of ketone bodies increase to about 7.0 mmol/liter, net ketone-body production and utilization have been estimated to be about 92-112 g/24 h (4, 15). Fasting blood ketone-body concentrations are relatively constant on the hour to hour basis. Under such steady-state conditions the rates of utilization are equal to rates of production. The mean rate of utilization, and therefore, the mean rate of production, obtained from rapid intravenous NaAcAc administration after an overnight, 3 and 24 day fast were about 13, 80, and 128 g/24 h, respectively.! Quantitatively, these values are in agreement with previously reported ketone body production rates estimated by catheterization techniques.
Maximum rates of ketone-body production and utilization are probably achieved during starvation when the concentration of total ketone bodies has increased to about 2-3 mmol/liter. Under conditions of maximum tissue utilization almost complete recovery of the administered NaAcAc in urine might be anticipated. Hence, the disappearance rate of ketone bodies from the blood would only reflect renal clearance. However, after 3 and 24 days of starvation urinary excretion accounted for about 24 and 39%, respectively, of the administered AcAc load. Rates of tissue uptake (Table II) , which wvere calculated after correction for urinary excretion, are in good agreement with those obtained by other methods. This suggests that the administration of NaAcAc, which was insulinogenic, either promptly sup-'Personal communication from Dr. R. J. Havel, University of California, San Francisco, Calif.
'Garber, A. J., P. H. Menzel, and 0. E. Owen. 1973. Ketogenesis and gluconeogenesis in humans. Submitted for publication.
'The average molecular weight of AcAc and f8-OHB is 103. Millimoles/24 h can be converted to g/24 h by multiplying mmol/24 h X 103 and dividing by 1,000. pressed hepatic production or promoted peripheral ketone-body utilization (42) .
In this study the rates of utilization (production) were directly related to blood ketone body concentrations up to about 0.6 mmol/liter and perhaps up to 2-3 mmol/ liter. At higher concentrations, circulating levels did not influence utilization or reflect production to the same degree. Our human data are in general agreement with those obtained from rabbits (43) , dogs (44) , and rats (45, 46) .
It appears in man that the utilization of ketone bodies increase with rising blood concentrations until a maximum rate of about 128 g/24 h is reached; thereafter heightened ketonemia and ketonuria occur with little, if any, increase in tissue utilization.
